Measurements of transverse-single-spin asymmetries (AN ) in p+p collisions at √ s = 62.4 and 200 GeV with the PHENIX detector at RHIC are presented. At midrapidity, AN is measured for neutral pion and eta mesons reconstructed from diphoton decay, and, at forward rapidities, neutral pions are measured using both diphotons and electromagnetic clusters. The neutral-pion measurement of AN at midrapidity is consistent with zero with uncertainties a factor of 20 smaller than previous publications, which will lead to improved constraints on the gluon Sivers function. At higher rapidities, where the valence quark distributions are probed, the data exhibit sizable asymmetries. In comparison with previous measurements in this kinematic region, the new data extend the kinematic coverage in √ s and pT , and it is found that the asymmetries depend only weakly on √ s. The origin of the forward AN is presently not understood quantitatively. The extended reach to higher pT probes the transition between transverse momentum dependent effects at low pT and multi-parton dynamics at high pT .
PACS numbers:

I. INTRODUCTION
The proton is a fundamental and stable bound state of quantum chromodynamics. Collinear perturbative quantum chromodynamics (pQCD) at leading twist in the operator product expansion successfully describes the quark and gluon substructure of the proton observed in high energy scattering experiments [1] . The parton distribution functions, f i (x, Q 2 ), constitute the number densities of partons of flavor i in the proton. They depend on the partonic momentum fraction, x, and on the mo- * Deceased † PHENIX Co-Spokesperson: morrison@bnl.gov ‡ PHENIX Co-Spokesperson: jamie.nagle@colorado.edu mentum transfer scale, Q 2 . Two similar sets of distribution functions parametrize the spin dependent parton distributions in protons polarized either longitudinally or transversely with respect to the proton momentum direction [2] . The longitudinally polarized structure has been successfully described using pQCD at leading twist [3] .
Initially, transverse-single-spin asymmetries or the analyzing power (A N ) of hadrons h produced in the transversely polarized p ↑ + p → h + X reaction were expected to be small [4] , but experiments instead measured large asymmetries of up to A N ≈ 40%. These asymmetries have been measured at increasing center-of-mass energies √ s over the past three decades, from 4.9 to 200 GeV [5] [6] [7] [8] [9] [10] , Recent results from the Relativistic Heavy Ion Collider (RHIC) show that large asymmetries persist even up to √ s = 200 GeV [11] [12] [13] . Unlike at the low to intermediate energies, the measured unpolarized cross section at high energies is well reproduced by pQCD calculations [11, 13] , indicating that unpolarized collisions can be described by the standard collinear factorized theory, while transversely polarized collisions cannot. To better describe the large A N measurements, the theoretical framework has been extended to include transverse momentum dependent (TMD) distributions and multi-parton dynamics (higher twist effects). Because the intrinsic partonic transverse momentum scale is set by the mass of the proton, these effects dominate for hadrons with low momenta transverse to the beam axis, p T < ∼ 1 GeV/c. At least two TMD effects have been proposed to explain the observed nonzero asymmetries.
The first of these, known as the Sivers effect, correlates the proton spin with the partonic transverse momentum k T [14] . It has been measured in semi-inclusive deep inelastic scattering (SIDIS) experiments with sensitivity mainly to the quarks [15, 16] . Previous results in p+p collisions [17] have been used to constrain the gluon Sivers function [18] . Recently, this function has received intense theoretical attention based on questions of universality and an expected sign change of A N in SIDIS compared to Drell-Yan production [19, 20] .
A second transverse momentum dependent effect, known as the Collins effect, describes the coupling of a transverse quark polarization (transversity) and a transverse spin dependent fragmentation from a struck quark into a hadron [21] . The spin dependent fragmentation part has been measured in e + +e − annihilation for charged pions [22, 23] and serves as input for Collins asymmetries in proton scattering to access the transversity distribution [24] [25] [26] . The full integral over all partonic momenta 0 ≤ x ≤ 1 of the transversity distribution can be compared to the flavor-singlet tensor charge δΣ, which is calculable in lattice QCD [27, 28] . This will be a fundamental test of the theory.
At large transverse momenta the collinear higher twist effects are thought to become more important in the creation of transverse spin asymmetries [29, 30] . For DrellYan production it has been shown that both initial state TMD and multi-parton dynamics provide equivalent descriptions of transverse asymmetries in an overlap region at intermediate transverse momenta [31] . With increasing p T the asymmetries are expected to fall off and vanish in the strictly collinear regime, which has not been observed experimentally yet. It is best probed at high center-of-mass energies, where the range of transverse momenta is wider.
This paper reports on measurements of A N at √ s = Results are presented for neutral mesons in a midrapidity region (|η| < 0.35) as well as for π 0 mesons and inclusive electromagnetic clusters at forward/backward pseudorapidities (3.1 < |η| < 3.8). Section II describes the experimental setup along with the properties of the polarized proton beams. The formalism of transverse single spin asymmetries is introduced in Sec. III before details of the analysis procedure are specified. A general discussion of the results and their possible implications for nucleon structure and contributing asymmetry mechanisms concludes this paper in Sec. IV.
II. EXPERIMENTAL SETUP
A. PHENIX Midrapidity and Global Detectors
The PHENIX midrapidity spectrometer is used to detect neutral pions and η mesons via their decay into two photons. The spectrometer covers a pseudorapidity range of |η| < 0.35 and is split into two approximately back-to-back arms each covering ∆ϕ = π/2 in azimuth. The electromagnetic calorimeter (EMCal) is highly segmented with ∆η × ∆ϕ ≈ 0.01 × 0.01. Events are selected using an EMCal based high tower energy trigger in coincidence with a minimum bias trigger. The trigger, digitization electronics, and details of the hardware have been discussed previously [32] . The trigger efficiency starts at about 5% for neutral pions with p T ≈ 1 GeV/c and rises to and saturates at about 90% at p T > 3.5 GeV/c. A multi-wire proportional chamber with pad readout [33] is situated in front of the calorimeter face, and is used to veto charged particles.
The minimum bias trigger was defined as the coincidence of signals from two Beam Beam Counters (BBC) covering the full azimuthal angle and the pseudorapidity range 3.0 < |η| < 3.9 [34] . The BBCs are used to reconstruct the collision time and the collision (vertex) position along the beam direction. Each BBC is situated 144 cm from the nominal interaction point and comprises an array of 64 counters arranged around the beam pipe. Each counter comprises aČerenkov quartz-radiator of hexagonal cross section with a mesh dynode photomultiplier tube for read-out.
B. Muon Piston Calorimeter
The PHENIX Muon Piston Calorimeter (MPC) is an electromagnetic calorimeter which was designed to measure photons and neutral mesons at forward-rapidity. The detector comprises two separate devices placed along the beamline to the North and to the South of the nominal interaction point, labeled N-MPC and S-MPC. The S-MPC was first installed in 2006 and the N-MPC followed a year later. Therefore, the analysis of the 2006 data set ( √ s=62.4 GeV) uses only the S-MPC while the 2008 data set ( √ s=200 GeV) includes both detectors.
Both MPCs are located in cavities of the steel piston which is part of the PHENIX muon detector magnet yoke. The diameter of each cavity limits the detector's outer diameter to 45 10 cm (S-MPC). The MPCs are placed ±220 cm from the nominal interaction point and are composed of 192 (S-MPC) or 220 (N-MPC) towers stacked to form an annulus around the beampipe. The detector acceptance covers the full azimuthal angle and a pseudorapidity range of −3.8 < η < −3.1 South and 3.1 < η < 3.9 North of the nominal interaction point. Each tower combines a PbWO 4 scintillating crystal wrapped with Tyvek R , aluminized mylar and MonoKote R , with a Hamamatsu S8664-55 avalanche photodiode for read-out.
Each crystal measures 2.2×2.2×18 cm 3 , corresponding to a depth of 21.2 radiation lengths and 0.844 nuclear interaction lengths. Independently of the minimum bias trigger, the MPC is equipped with its own high energy cluster trigger. The trigger and digitization electronics are identical to those of the EMCal and are discussed in detail in [32] . For the presented data, the trigger efficiency starts at 5% for photon energies E ≈ 30 GeV and reaches a plateau at 90% above E > 50 GeV.
A Laboratory confirmed the calorimeter's linear energy response and measured the electromagnetic shower shapes. These shower shapes were then used to tune a geant 3.21 [35] based full detector simulation. The absolute energy scale of the detector is determined in situ using a two-step process. First, minimum ionizing particles are used. Yields of charged tracks in the calorimeter are enhanced by requiring a correlated hit in the BBC that is located in front of the MPC. Additionally, the tower multiplicity of the cluster is required to be small compared to a typical electromagnetic shower to increase the hadronic contributions. A sample minimum ionizing particle peak is shown in Fig. 1 with an expected mean energy of 234 MeV. The initial MIP calibration is then used as the seed in an iterative and converging procedure for individual towers that is based on the π 0 peak in the invariant mass distribution. Time dependencies in the tower gains are tracked and corrected for by a monitoring system of LEDs, whose intensities are monitored by PIN diodes. Finally, the overall calibration is verified and the energy resolution is determined by comparing the masses of the π 0 and η peaks in the two-cluster invariant mass distributions between data and a Monte-Carlo simulation. A set of representative two-cluster invariant mass peaks is shown in Fig. 2 . The relative energy resolution (δE/E) of the calorimeter is found to be 13%/ √ E⊕8% with an overall energy scale uncertainty of 2%. peak from minimum bias triggered data set at low energy while the right side shows the η meson peak from the MPC triggered data set at high two-cluster energies E. A comparison of the peak position and widths from data and simulation are used to determine the energy scale uncertainty.
C. Polarized Proton Beams
RHIC accelerates and stores polarized proton beams at energies up to 255 GeV in two independent rings. The beams collide at several interaction points along the ring. Each ring can be filled with up to 120 bunches with different transverse polarization directions. These directions alternate to reduce systematic effects from slow varia-tions in luminosity or detector acceptances and efficiencies. Additionally, the patterns are chosen from four predefined basic patterns to reduce time dependent correlations and detector effects.
Previous publications describe in detail the necessary accelerator instrumentation for producing the colliding polarized beams [36] . The polarization is measured with a set of polarimeters external to the PHENIX experiment using elastic scattering from a hydrogen gas jet or a Carbon fiber target. For the determination of the absolute polarization of both proton beams, the hydrogen jet polarimeter with a known polarization of the atomic jet is used [37] . Due to the low density of the gas jet a polarization measurement with good accuracy requires many hours of data taking. Therefore, the relative polarization is measured several times per fill with high precision by fast p+C polarimeters for each of the two storage rings [38] . These relative measurements are then normalized using results from the jet polarimeter.
While both of the RHIC beams are polarized during the measurement of the single spin asymmetries presented in this paper, summation over the bunches of one beam effectively averages the polarization to zero. This procedure is applied to one of the two beams at a time and can therefore be used as a cross check of two uncorrelated measurements of the asymmetry. The direction of the polarized beam is commonly referred to as forward in the following; backward is in the direction of the unpolarized beam. Table I summarizes the beam polarizations for the different data sets and center-of-mass energies, with p = (0, 0, p z ) pointing North, according to the PHENIX coordinate system. The stable polarization direction around the accelerator is vertical (P ↑ = (0, P, 0) or P ↓ = (0, −P, 0)) and can be changed by spin rotators around the collision points. The transverse components of the polarization vector are measured locally in PHENIX. In 2008, the polarization of the North pointing beam was tilted from the vertical direction by ϕ 0 = 0.263 ± 0.030 stat ± 0.090 syst rad. For the rest of the measurements, all other polarization vectors are found to be consistent with the vertical direction within statistical uncertainties [39] . The polarization directions are accounted for in the determination of the relevant asymmetries. In addition, the 2006 and 2008 polarization direction measurements have been independently verified using the analysis techniques from Sec. III A.
III. ANALYSIS A. Transverse-Single-Spin Asymmetries
The A N that can generally arise in polarized scattering experiments are described in the framework of polarization analyzing tensors which gives information about fully polarized initial and final states of the scattering process. The polarization can be aligned along three dimensions in the scattering frame, i.e., longitudinal in the projectile direction L, sideways in the scattering (or production) plane S, or normal to the scattering plane N , where S = N × L. In the following, the left side refers to the direction of S in this right-handed system, the right side to the opposite direction. For A N , we are only considering a normal polarization for the projectile. Target and final states are unpolarized. The normal space quantization can create a transverse asymmetry within the scattering plane. A rotation into the laboratory frame (where the beam polarization P is prepared) then transforms this pure left-right asymmetry into an azimuthal (ϕ) modulation of the cross section dσ(ϕ) ∝ A N ·P ·cos ϕ. The transverse asymmetry A N can be determined from point-like detectors as:
The same result can be achieved with a detector in just one hemisphere by a rotation of the polarization vector
Integrating the cross sections over the detector acceptance, beam luminosities, and the duration of the measurement, A N is experimentally extracted from the geometric means of the particle yields:
where N L , N R refer to particle yields in detector segments ∆ϕ of the left (ϕ) and right (ϕ + π) hemispheres. An alternate estimator is used to study systematic effects
with R being the ratio of luminosities between the two spin states ↑ and ↓. This luminosity is determined using the polarization-sorted counts from the minimum bias trigger. The asymmetries in this analysis are calculated in 8 or 16 bins in the azimuth, unless noted otherwise, and then fit to the cosine modulation (with and without an additional free phase ϕ 0 for consistency checks). Systematic uncertainties are estimated by comparing asymmetries from Eqs. 2 and 3, which may be due to different assumptions in the integration of the cross sections. 7 MPC triggered events. The π 0 → γ + γ decay is reconstructed from pairs of clusters in the detector with a selection on the photon shower shape. Clusters which have their central tower marked as either noisy or inactive are removed from the analysis. The π 0 contribution is selected from the cluster pairs by requiring a minimum pair energy, E pair > 6 GeV, and an upper limit of 0.6 on the energy asymmetry α of the two cluster energies E 1 and E 2 ,
The two cluster invariant mass distributions look qualitatively similar to those from √ s = 200 GeV shown in Fig. 2 . The shape of the distributions has been studied in simulations based on the pythia event generator [40] Tune A [41] with a full detector simulation (similar to Sec. II.B). The background is dominated by combinatorial effects from reconstructing two clusters from different parent sources. The background yield is determined by mixing uncorrelated clusters from different events and normalizing to the invariant mass distribution above the π 0 peak, but below any contribution from the η peak. From the integral of the resulting π 0 peak one can determine the π 0 yields. The final asymmetries are calculated according to Eq. 2 from the geometrical means of the π 0 yields. The systematic uncertainties to these asymmetries are estimated using Eq. 3. Figure 3 shows A N at √ s = 62.4 GeV as a function of x F = 2 · p z / √ s, with p z being the longitudinal component of the momentum along the direction of the polarized proton beam. While there is a significant, nonzero asymmetry rising with x F > 0 in the forward direction, no such behavior can be seen at negative x F < 0 where the asymmetries are consistent with zero. Figure 4 shows the p T dependence of A N , up to a range that is largely limited by kinematics due to the low 62.4 GeV center-ofmass energy. No strong p T dependence is observed. Figure 5 compares the x F -dependence of neutral pion A N of this publication with the world data set [10, 11] at center-of-mass energies from √ s = 19.4 to 200 GeV. Although the different measurements were carried out with slightly different detector acceptances, there is a general agreement between the asymmetries in the onset of nonvanishing asymmetries and the x F dependence. Table III gives the data in plain text. An additional uncertainty from the beam polarization (see Table I ) is not included. Table IV gives the plain text data. An additional uncertainty from the beam polarization (see Table I ) is not included.
The asymmetries appear to be independent of the centerof-mass energy, including at high energies where the applicability of pQCD is well established at √ s = 200 GeV at p T > 2 GeV/c. Figure 6 shows the pion isospin dependence of A N at √ s = 62.4 GeV with combined RHIC data from the new π 0 PHENIX data and charged pion data from the BRAHMS collaboration [10] . The BRAHMS measurements of charged pions were carried out with two detector settings covering different subranges in pseudorapidity which compare well to the acceptance of the MPC. While At energies below E π 0 < ∼ 20 GeV the MPC is able to resolve the π 0 → γ + γ decay. However, with increasing energy, the opening angle between the two photons becomes so small that their electromagnetic clusters fully merge in the detector. This limits the x F range at √ s = 200 GeV to below 0.2 for π 0 's reconstructed via the two-gamma decay mode. To overcome this limitation the data analysis is done for inclusive clusters.
The data set at √ s = 200 GeV includes 1.8×10 8 events recorded with a high energy cluster trigger. Clusters in the analysis are required to have fired the corresponding trigger, i.e., N-MPC or S-MPC, and to satisfy a time of flight cut. Clusters whose central tower is either marked noisy or inactive are removed from the analysis. The contributions from hadrons to the cluster yields are reduced by selecting for photonic shower shapes. To minimize effects from energy leakage at the detector edges, a radial fiducial cut is applied. The transverse asymmetries are determined with Eq. 2 and systematic uncertainties are estimated using the difference from Eq. 3.
The cluster composition is estimated using Monte Carlo simulations. Again, a full detector simulation is based on input from pythia 6.421 Tune A with separate normalization factors between direct photons (k = 2) and all other particles originating from high energy scattering processes (k = 1) with a minimum p T of 2 GeV. The normalization factors are determined by comparing the simulated cross sections with RHIC measurements at √ s = 200 GeV [42] [43] [44] [45] . The composition analysis differentiates between electromagnetic clusters originating from photonic decays of π 0 and η mesons, direct photons, and energy deposited by charged hadrons (h ± ). Contributions from other sources, e.g. fragmentation photons and ω meson decays, are combined in the "other γ" category. Figure 7 summarizes the cluster composition as function of p T with large x F > 0.4; Table II lists the corresponding values in detail. In the context of this pythia study, over the studied kinematic range contributions from decay photons of π 0 mesons are the dominant source of clusters in the MPC. With increasing p T there is a sizable increase in contributions from direct and other photons. The relative uncertainty of the composition from this study at p T > 5 GeV/c is less than 20% and significantly smaller at lower p T . Figure 8 summarizes the x F -dependence of the cluster A N for two different pseudorapidity ranges similar to Fig. 3 . Systematic uncertainties again are evaluated by comparison of results from Eqs. 2 and 3. Within statistical uncertainties the asymmetries in the backward direction x F < 0 are found to be consistent with zero, whereas in the forward direction A N rises almost linearly with x F . The asymmetries are of similar size compared to earlier results at different center-of-mass energies as shown in Fig. 5 . Figure 9 presents A N , as a function of transverse momentum p T for values of |x F | > 0.4 where A N is largest in forward kinematics (compare Fig. 8 ). The asymmetry rises smoothly and then seems to saturate above p T > 3 GeV/c. A significant decrease of the asymmetry as expected from higher twist calculations is not observed [31] . Again, negative x F asymmetries are found to be consistent with zero within statistical uncertainties. Table VI gives the data in plain text. An additional uncertainty from the beam polarization (see Table I ) is not included. Figure 10 shows A N as a function of p T for different ranges of x F . These ranges are chosen to match that of an earlier measurement of π 0 asymmetries from the STAR experiment [11] . The two measurements in general display a good agreement. At large x F and high p T there is perhaps a hint that the inclusive cluster asymmetries are smaller, but with present statistics the difference is not yet significant. We note that the STAR measurement is for identified π 0 's and the PHENIX measurement is for clusters with a mixed composition. As mentioned previously, these clusters are dominantly from π 0 's, but also include contributions from the decays of η and other neutral mesons, as well as a contribution from direct photons Table VII gives the data in plain text. An additional uncertainty from the beam polarization (see Table I ) is not included. Table VIII gives the data in plain text. An additional uncertainty from the beam polarization (see Table I ) is not included.
which is increasing with x F and p T .
The data selection and asymmetry analysis in the midrapidity spectrometer closely follows the procedure of previous analyses [17] . The data set includes 6.9 × 10 8 events triggered by the high p T photon trigger. Photon clusters are selected using photonic shower shape cuts in the electromagnetic calorimeter, the time of flight between the collision point and the calorimeter, a minimum deposited energy of 200 MeV, and a charged particle veto from tracking in front of the calorimeter. Cluster pairs are then chosen with an energy asymmetry (Eq. 4) of less than 0.8 (0.7) for π 0 (η) identification, and by requiring that the photon with the higher energy fired the trigger.
The yields are taken as the number of cluster pairs in a ±25 MeV/c 2 window around the mean of the π 0 peak in the invariant mass distribution (±70 MeV/c 2 around the mean of the η mass). The width of the π 0 peak decreases from 12 to 9 MeV/c 2 as p T increases from 1 to 12 GeV/c (35 to 25 MeV/c 2 for the η). The background fractions in the signal windows depend on p T and range from 29% to 4% under the π 0 peak and 75% to 41% for the η peak as p T increases.
To remove a possible background asymmetry, the weighted asymmetry between a low and high mass region around the signal peak is determined and subtracted from the signal region. These regions are defined from 47 to 97 and from 177 to 227 MeV/c 2 for the π 0 , and from 300 to 400 and from 700 to 800 MeV/c 2 for the η meson. The signal asymmetry A signal N can be calculated using yields from the peak region N incl and from the interpolated background yields N bg :
with the background fraction r = N bg /N incl under either the π 0 or η signal. The background asymmetries are all consistent with zero.
Due to the limited azimuthal acceptance of the midrapidity spectrometer the asymmetries are only measured from integrated yields in the whole detector hemispheres to the left and right of the polarization direction. To account for the cosine modulation of the particle production, the asymmetries need to be corrected by an average factor f = 1/ cos ϕ taken over the detector acceptance. The asymmetries are calculated from Eq. 2, and the corresponding systematic uncertainties are estimated from differences with Eq. 3.
Both the inclusive and background asymmetries are determined for each RHIC fill to test for possible variations with time. The mean values are then used for the calculation of the final asymmetries for π 0 and η mesons as function of p T , see Tables IX and X) . Triangles are slightly forward/backward going sub-samples of the full data set (circles). These are shifted in pT for better visibility. An additional uncertainty from the beam polarization (see Table I ) is not included. data set. These very precise results are all consistent with zero over the observed p T range.
IV. DISCUSSION
The A N of neutral pions and inclusive charged hadrons have previously been measured with the PHENIX midrapidity spectrometer [17] . Those asymmetries have been found to be consistent with zero and have been used to constrain the gluon Sivers function [18] despite their limited statistical precision. The new results shown in Fig. 11 exceed the former precision by a factor of 20 for the π 0 transverse asymmetries while extending the p T reach to above 10 GeV/c. Also, this paper reports on A N of η mesons at x F ≈ 0 which extends previous results [46] both in √ s and p T . Altogether, no significant deviation from zero can be seen in the results within the statistical uncertainties in the covered transverse momentum range. Any difference in the two meson asymmetries would likely be dominated by fragmentation effects. Either these are small or suppressed by the contributing transversity distribution in the covered kinematic range.
In the forward direction, nonvanishing meson asymmetries persist all the way up to √ s = 200 GeV, as shown in Figs. 3 and 8 . While there is no asymmetry in the backward direction (x F < 0), A N scales almost linearly with positive x F > 0.2. This behavior is similar to previous experimental results, as summarized in Fig. 5 , where no strong center-of-mass energy dependence of the asymmetry is observed. The kinematic coverage of the experiments is not exactly the same and may account for the small differences in the data, but it is striking how well the data match between measurements taken over center-of-mass collision energies that vary by more than an order of magnitude, from √ s = 19.4 to 200 GeV. If the same mechanisms are responsible across this entire collision energy range, then these mechanisms seem to have a weak dependence over the interaction scale Q spanned by the world's data. At forward rapidity x F is linearly proportional to the polarized parton momentum fraction x 1 :
where z is the mean momentum fraction of the hadron from the jet fragmentation. This suggests the possibility that these asymmetries are largely created by some intrinsic function of x that is only weakly dependent on the collision energy. Further, from a comparison of the asymmetries of the pion isospin triplet at √ s = 62.4 GeV, see Fig. 6 , one can conclude that the Sivers effect is not the dominant source of the observed transverse asymmetries. pythia event generator studies show that the production of π − are almost equally from unfavored u and favored d quark fragmentation, while π + are almost exclusively from favored u quark fragmentation. At the same time, about three in four π 0 stem from u quarks, with the other fourth coming from d quarks. Because the Sivers effect comes from the initial state quarks, the data can not be explained by these initial state effects alone, under the assumption that the ratio of the u and d quark Sivers functions (especially at high x) are the same as those extracted from SIDIS [47] , According to these assumptions, one should naively expect a small Sivers effect asymmetry for the π + , which has roughly equivalent and canceling contributions from u and d quarks. Instead a large asymmetry is observed for the π + . Collinear higher twist calculations predict that A N decreases with increasing transverse momentum once p T is of the same order as the partonic momentum scale Q and both are much larger than Λ QCD [31] . Where this turnover of the initially rising A N happens is largely unknown, though. The cluster asymmetries in Fig. 9 have an extended p T -range compared to previous measurements of π 0 mesons [11] , but the data still do not allow for a conclusive answer for the onset of this drop of the asymmetry up to p T > 4 GeV/c. The electromagnetic cluster contributions at √ s = 200 GeV are dominated by π 0 decays, as demonstrated in Fig. 7 . With rising p T , the fraction of direct and other photons increases while the contribution from η mesons does not change significantly. A comparison of the cluster asymmetries with those of π 0 mesons from STAR [11] in Fig. 10 is largely consistent at small x F and statistically limited at x F > 0.47, where the direct photon contribution to the inclusive clusters becomes more important. Transverse asymmetries of direct photons are of special interest in the future because they directly relate to the Sivers effect and its process dependence [48] .
The data presented in this paper provide crucial input to the long-standing question of the source of A N in hadronic collisions. The extended statistics of A N measurements for π 0 and η at midrapidity, the cluster A N at 200 GeV, the complete isospin triplet of asymmetries at 62.4 GeV, and the extended range over beam collision energies, all quantitatively test the various theories seeking to explain these asymmetries. In particular, the high statistics midrapidity data strongly constrain the presence of a gluon Sivers effect at midrapidity. The PHENIX data on π 0 transverse asymmetries, along with the world data, do not allow for a strong evolution with Q 2 in the combined effects from whatever causes these asymmetries. Finally, the mix of favored versus unfavored fragmentation for the three different pion states, and how these contribute to the asymmetries, also place constraints on the strengths of the contributing effects.
(France), Bundesministerium für Bildung und Forschung, Deutscher Akademischer Austausch Dienst, and Alexander von Humboldt Stiftung (Germany), Hungarian National Science Fund, OTKA (Hungary), Department of 4 GeV as a function of xF for two pseudorapidity ranges, as shown in Fig. 3 . Fig. 4 . Fig. 8 .
0.28 2.1 0.0114 ± 0.0023 ± 0.0010 -0.0016 ± 0.0023 ± 0.0010 3.1 < |η| < 3.5 0.32 2.4 0.0219 ± 0.0020 ± 0.0009 0.0022 ± 0.0020 ± 0.0009 3.1 < |η| < 3.5 0.37 2.7 0.0307 ± 0.0022 ± 0.0010 0.0016 ± 0.0023 ± 0.0010 3.1 < |η| < 3.5 0.43 3.1 0.0425 ± 0.0031 ± 0.0014 0.0010 ± 0.0030 ± 0.0014 3.1 < |η| < 3.5 0.50 3.6 0.0588 ± 0.0067 ± 0.0030 -0.0016 ± 0.0065 ± 0.0029 3.1 < |η| < 3.5 0.60 4.3 0.0839 ± 0.0302 ± 0.0136 0.0480 ± 0.0261 ± 0.0117 3.5 < |η| < 3.8 0.28 1.5 0.0045 ± 0.0037 ± 0.0017 0.0015 ± 0.0038 ± 0.0017 3.5 < |η| < 3.8 0.33 1.8 0.0142 ± 0.0029 ± 0.0013 0.0042 ± 0.0029 ± 0.0013 3.5 < |η| < 3.8 0.37 2.0 0.0207 ± 0.0029 ± 0.0013 -0.0010 ± 0.0028 ± 0.0013 3.5 < |η| < 3.8 0.43 2.3 0.0412 ± 0.0034 ± 0.0015 0.0026 ± 0.0033 ± 0.0015 3.5 < |η| < 3.8 0.50 2.7 0.0531 ± 0.0066 ± 0.0030 -0.0015 ± 0.0064 ± 0.0029 3.5 < |η| < 3.8 0.60 3.2 0.0762 ± 0.0259 ± 0.0117 -0.0149 ± 0.0239 ± 0.0108 Fig. 9 .
0.41 1.9 0.0154 ± 0.0155 ± 0.0070 0.0295 ± 0.0148 ± 0.0067 3.1 < |η| < 3.8 0.43 2.3 0.0394 ± 0.0037 ± 0.0017 0.0040 ± 0.0036 ± 0.0016 3.1 < |η| < 3.8 0.44 2.7 0.0458 ± 0.0034 ± 0.0015 -0.0003 ± 0.0033 ± 0.0015 3.1 < |η| < 3.8 0.46 3.2 0.0542 ± 0.0045 ± 0.0020 -0.0017 ± 0.0044 ± 0.0020 3.1 < |η| < 3.8 0.47 3.7 0.0487 ± 0.0071 ± 0.0032 -0.0006 ± 0.0070 ± 0.0031 3.1 < |η| < 3. GeV at midrapidity as function of pT , as shown in Fig. 11 . The data in slightly forward and backward kinematics (0.2 < |η| < 0.35) are subsets of the full data set (|η| < 0.35).
pT (GeV/c) AN ± σstat ± σsyst AN ± σstat ± σsyst AN ± σstat ± σsyst (|η| < 0. pT (GeV/c) AN ± σstat ± σsyst AN ± σstat ± σsyst AN ± σstat ± σsyst (|η| < 0. 
